We analyzed the evolution of volcano-tectonic (VT) seismic-3 ity and deformation at three basaltic volcanoes (Kilauea, Mauna Loa, Piton 
We can draw a link between Hawaii's magnitude and Piton de la Fournaise's magnitude.
119
We first convert magnitude into moment in Hawaii by using the relation obtained by Hawaii. Thus an event with a magnitude 2 at Piton de la Fournaise volcano will have a 125 magnitude 2.3 in Hawaii. However there is no real need in our study to have a unique 126 magnitude scale for all volcanoes as each volcano is studied separately. 
Spatial Selection of Earthquakes
We selected VT earthquakes located in zones that are most likely to be influenced by 128 the magma accumulation-induced stress. VT earthquakes generated by magma intrusions 129 are not necessarily generated at the front of the propagating magma body, but are mostly 130 localized in areas of high stress concentration [Rubin et al., 1998; Rubin and Gillard , 1998 ].
131
Local stress concentrations can be produced in volcanoes by structural heterogeneities under the influence of the chamber inflation, directly reflect this increase in stress.
135
At Kilauea volcano, we focused on seismicity happening in the summit area. Figure 1   136 shows the recorded seismicity at the summit for the analyzed time period. Seismicity 137 is strongly clustered in the upper rift zones at about 3 km depth. We removed deep 138 earthquakes (z > 4 km). These earthquakes are few during the analyzed time period and 139 could have resulted from the stress generated by slip on a décollement plane located at 140 10 km depth [Klein et al., 1987] . Focal mechanisms, for earthquakes occurring between reservoir [Karpin and Thurber , 1987] . As a consequence we only considered earthquakes 147 in the domain mostly influenced by the stress field originating from the chamber inflation,
148
i.e., that are less than ∼ 3 km of the caldera. interpreted the structure as a failed rift zone and proposed that these earthquake's focal 158 mechanisms are mostly controlled by the regional stress field (see also Gillard et al. [1992] ).
159
These earthquakes are thus related to an east-west extension that might be attributed
160
to the edifice seaward motion on a basal plane. Given its tectonic origin, this northwest
161
cluster is therefore not integrated in our study as its evolution is not directly linked to 162 changes in reservoir pressure. In contrast, the shallow earthquakes are expected to occur 163 in brittle rocks capping a magma storage reservoir [Lockwood et al., 1987] . .q(m).
187
We here take q(m) = corresponds to a 82% probability of detection. We applied this procedure to the three 191 volcanoes.
192
No change in the magnitude of completeness is observed at Kilauea volcano ( Figure 3) 193 between the two time periods 1977-1980 and 1981-1983 . We found m c = 2.2.
194
We performed the same estimation for the selected earthquakes at Mauna-Loa volcano. is 0.4 and 0.3 for the whole and the subset analyzed time period respectively, see Figure 3 .
205
We thus considered that the magnitude of completeness for summit earthquakes at Piton
206
de la Fournaise is m c = 0.4. We summarize our earthquake selection criteria for the three 207 volcanoes in Table 1 .
208
We cannot ensure that earthquakes above the magnitude of completeness are repre- 3). We therefore believe that the relative proportion of small earthquakes stays constant surrounded by a purely elastic medium and a constant magma source overpressure.
251
2. A seismicity model which links the stress history to a VT earthquake rate. Our 252 approach is equivalent to a damage model in a heterogeneous medium, and is based on a 253 critical point hypothesis.
254
Our aim is to model the observed variations with a minimum number of parameters.
255
Many volcanic phenomena, possibly leading to earthquake nucleation, are disregarded 256 in this study. These include gas pressure increase produced by magma cooling, heating 257 of groundwater, tectonic or dynamic strain. However, the magma accumulation process 258 is the only common phenomenon identified at the three studied volcanoes for the whole 259 analyzed time periods. We therefore consider it as being the only source of stress variation 260 in the edifice. a cylindrical conduit, in laminar flow conditions is described by the Poiseuille law, which 264 gives the mass flux Q at height z as :
where dP/dz is the vertical pressure gradient, µ is the magma viscosity and ρ m the magma 266 density. We assume the magma viscosity and density to be constant over all the conduit.
267
The different pressure sources acting on the magma in the pipe are : 268 1. the source pressure P s corresponding to the pressure at the bottom of the pipe, which is considered as constant. This pressure is the sum of the lithostatic pressure P litho at the source depth z s and an overpressure ∆P s :
2. the reservoir pressure P r (t) corresponding to the pressure at the top of the pipe which increases as the reservoir is fed from the source. It is the sum of the lithostatic pressure at the reservoir depth z r and an overpressure ∆P r (t) :
In the following we will consider that
where ∆P Accounting for these different sources of pressure and setting ρ r as the density of rocks surrounding the magma chamber, it follows that
[ Pinel and Jaupart, 2003] . We link the volume of injected magma ∆V in (t) into the reservoir with its overpressure variation ∆P (t) through the expression [Delaney and McTigue, 1994] ∆V in (t) = ∆P (t) πa
where G is the rigidity modulus. We further assume that no magma leaves the chamber 271 during the accumulation period. This assumption is valid for all three volcanoes, and 272 even for Kilauea volcano where the erupted volume is insignificant compared to the filled 273 volume during the analyzed period. It then follows from (5) and (6) that
where P is a constant term with P = ∆P s − ∆P 
where
is a characteristic time. As the magmatic stress-induced seismicity is strongly clustered in space at the three volcanoes for the analyzed time periods and did not show any migration, it is reasonable to consider that the variation of pressure at the seismicity location will be
proportional to (8). As ∆P (t) can be expressed as a function of the maximum vertical uplift u max z (t) (i.e. the vertical uplift at the inflation center) with
where ν is the Poisson's ratio, one can obtain the evolution of u max z (t) from (8) and (10) :
This gives the evolution of the vertical uplift at the top of the magmatic reservoir, i.e.,
where it is maximum. The evolution of u z (t) at different locations around the reservoir is recovered by
where r is the horizontal distance between the observation point and the inflation center.
277
The uplift u z (t, r) will thus evolve with the same characteristic time τ as u max z (t), in a 278 purely elastic medium.
279
Our model does not account for magma compressibility. As proposed by Johnson [1992] , 280 magma compressibility may accommodate the volume of newly added magma. We hy-
281
pothesize that the variation of pressure during the magma accumulation phase is small, 282 compared to the total pressure in the reservoir. This is likely to be the case as the litho-283 static stress at reservoir depths for the three studied volcanoes is of the order of 100 MPa.
284
Conversely the order of magnitude of overpressure detected before eruptions at Piton de 285 la Fournaise volcanoes is close to 1 MPa [Brenguier et al., 2008] . By applying the results
286
of Johnson [1992] and Johnson et al. [2000] we find that the effect of compressibility is to 287 change the timescale of τ but the evolution of stress will remain similar to (8). Thus, at the pre-1998 eruption, the stress history will remain similar to the other volcanoes. et al., 1987] ).
300
The evolution of the tilt data is well described by (11), see Dvorak and Okamura [1987] 
320
Cycles of inflation of the order of 10 µm recorded on a time-scale of 1 to 3 minutes were 321 followed by rapid deflations [Ohminato et al., 1998 ]. The evolution of the vertical dis-322 placement during inflationary stages is thought to result from magma accumulation into 323 a subhorizontal crack and displays an evolution similar to (11) [Ohminato et al., 1998 ].
324
As the vertical displacement observed during inflationary stages obeys (11), at least to the 325 first order, it is reasonable to suppose that the change in pressure in the rock surrounding 326 the magmatic reservoir will follow (8).
328

Relating Stress and VT Earthquakes
The analyzed seismicity at Kilauea 
where σ c is the critical stress and γ ∈ [0; 1], is the critical exponent. We simply interpret the cumulative damage, D, as the cumulative number of earthquakes. A uniformly increasing stress dσ/dt = constant produces a power-law acceleration near the critical point as stated by (13). The acceleration takes a different form if the forcing stress follows the evolution of pressure as found in (8) : where P 0 = P litho (z r ) + ∆P 0 r is the initial stress of the system. An eruption will occur if the shallow part of the volcanic edifice ruptures, i.e. when the critical stress is reached.
Thus, an eruption happens if P + P 0 > σ c . If the asymptotic final stress of the system, P + P 0 , is assimilated to the critical stress σ c , (14) then becomes
i.e., we obtain an exponential acceleration of the seismicity. If P + P 0 > σ c , a deviation 349 from the pure exponential form will appear. In this case the full form of the stress evolu-
350
tion (14) should be used to quantify the evolution of seismicity. However this deviation 351 from the exponential form will remain low if (σ c − P 0 − P )/P or t/τ is low.
353
Discussion
We presented a coherent model to link the stress history with deformation and seismic-354 ity for a basaltic volcano undergoing a magma replenishment phase. We now compare how 355 accurately this model is able to recover the observed seismicity and deformation trends. model for earthquake rates in pre-eruptive phases [Voight, 1988; Kilburn and Voight, 360 1998; Chastin and Main, 2003; Collombet et al., 2003] . Denoting N (t) the cumulative from the seismicity and the one obtained by fitting the tilt data. We hypothesize that the evolution of the seismicity at Kilauea volcano can be described by (15). canoes. It is also remarkable to note that (14) can also leads to a power law acceleration.
423
This case might happen on a limited time-scale during the late stage of failure (t τ ) if
424
P + P 0 > σ c . Albeit the evolution of seismicity remains exponential during most of the 425 accumulation phase, at the last stage of failure, the evolution will take a different form
, where t c is a critical time defined by t c = −τ ln((P + P 0 − σ c )/P ). 
